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Introduction {#sec001}
============

Approximately 10% of genes show minimal-to-no phenotypic consequences when disrupted in mice (*Mus musculus*) \[[@pone.0174975.ref001]\]. A common explanation is functional redundancy, which argues that genes code for overlapping functions \[[@pone.0174975.ref002],[@pone.0174975.ref003]\]. Often, studies concluding functional redundancy are assessed using only proximate measures (e.g., biomarkers, gene expression, and histology) in artificial environments, where ecological pressures shaping the evolutionary history of the genes of interest and the organisms that harbor them are largely absent. A naturalistic competitive environment and the incorporation of ultimate measures (i.e., fitness measures) could be useful in differentiating between complete and partial redundancy of disrupted genes.

Much empirical and theoretical effort has been applied to understanding how duplicated genes can be maintained through evolutionary time. When initially duplicated, one copy is likely to accumulate degenerative mutations (in either protein coding or regulatory sequences), which are invisible to selection, leading to non-functionalization \[[@pone.0174975.ref004]\]. Despite this mutational onslaught numerous duplications have been maintained, and gene families are commonplace, within genomes across taxa. Alternative paradigms for the fate of duplicated genes include neo-functionalization, in which mutations in the protein or regulatory sequences of a duplicated gene lead to a novel function, and sub-functionalization, wherein ancestral gene functions are partitioned (reviewed in \[[@pone.0174975.ref005],[@pone.0174975.ref006]\]). Importantly, the processes of neo- and sub-functionalization should not result in complete functional redundancy, but instead in overlapping or incomplete redundancy inversely proportional to the degree of functional divergence or partitioning.

Originally discovered in *Drosophila*, *Hox* genes encode developmentally important transcription factors that provide insightful clues to mechanisms of gene and genome duplications during the evolution of metazoans. In mice and humans, there are 39 Hox genes, arranged in four tightly linked clusters (HoxA, HoxB, HoxC, and HoxD) on four different chromosomes, each harboring 9--11 genes belonging to 13 different paralogous groups (Hox1-Hox13). The classic view is that these four Hox clusters have derived from a single early chordate cluster in two rounds of whole genome doubling \[[@pone.0174975.ref007]\], although advanced phylogenetic techniques favor the hypothesis that these blocks of Hox paralogy have resulted from small-scale events, including segmental duplications, independent gene duplications and translocations \[[@pone.0174975.ref008]\].

Molecular properties of Hox genes from different paralogous groups have diverged significantly. In addition to displaying differential temporal and anterior-posterior expression patterns, different Hox paralogs recruit distinct DNA binding co-factors. Moreover, their DNA binding domains, the homeoboxes, are not functionally interchangeable in the development of most tissues, as demonstrated in elegant homeobox-swapping experiments by Zhao and Potter \[[@pone.0174975.ref009],[@pone.0174975.ref010]\]. These findings are consistent with the hypothesis that the primordial Hox cluster was formed by ancient gene duplication events \[[@pone.0174975.ref011]\]. However, within a given paralogous group, the Hox transcription factors remain remarkably conserved. High degree of functional equivalence has been shown by transgenic approaches as well as by precise gene replacements in Hox paralogous groups 11, 3, and 1 \[[@pone.0174975.ref012]--[@pone.0174975.ref014]\]. The latter study found that two Hox1 paralogs, *Hoxa1* and *Hoxb1*, both of which are involved in the patterning of the brainstem, are functionally interchangeable at the protein level (via proximate assessments).

In *Hoxa1* knockout mice, expression of *Hoxb1* and other downstream genes is altered, the brainstem respiratory circuits are malformed, and *Hoxa1* neonatal knockouts die \[[@pone.0174975.ref014],[@pone.0174975.ref015]\]. Conversely, *Hoxb1* knockouts are viable, but display facial paralysis \[[@pone.0174975.ref016]\]. Intriguingly, relative to wild type, homozygous *Hoxa1*^*B1*^ swapped mice, mutants expressing HoxB1 protein from both *Hoxa1* alleles, show no changes under laboratory conditions; this is despite a 15% amino acid sequence divergence at the homeodomains and merely 49% total identity \[[@pone.0174975.ref014],[@pone.0174975.ref017]\]. Thus, the laboratory phenotypic assessment suggested that if expressed at sufficient levels, either protein could execute the program carried out by the other. This finding is further supported by additional work in *Xenopu*s, in which functional redundancy across Hox paralogous group 1 was demonstrated in a variety of proximate measures \[[@pone.0174975.ref018]\].

In a previous experiment, we assessed the fitness consequences of mice being homozygous for a *Hoxb1*^*A1*^ swap compared to controls using our organismal performance assay (OPA) model system \[[@pone.0174975.ref019]\]. OPAs are a type of fitness assay in which house mice compete among each other for limited resources in a semi-natural environment. Treatment and control individuals compete directly, and the performance of individuals is measured in terms of Darwinian fitness (i.e., reproductive success); this approach has been used previously to quantify the adverse effects of numerous genetic, nutritional, and pharmaceutical manipulations \[[@pone.0174975.ref020]--[@pone.0174975.ref026]\]. Specifically, in the case of the *Hoxb1*^*A1*^ swap, we observed that males homozygous for the swap acquired fewer territories, a key fitness component, and that a deficiency of both *Hoxb1*^*A1*^ homozygous and heterozygous offspring was present in the generation of offspring born within OPA enclosures, despite detailed molecular studies indicating functional interchangeability. These findings suggest that *Hoxa1* and *Hoxb1* are phenotypically divergent, and consequently, have incomplete redundancy at the organismal level.

Due to the surprising nature of our initial discovery on incomplete redundancy of Hox paralogous group 1 proteins we set out to find independent, complementary supporting evidence. Here we use OPAs to assess the fitness of the reciprocal swap---mice expressing HoxB1 protein from the *Hoxa1* locus (*Hoxa1*^*B1*^*)---*relative to control mice bearing an appropriate genetic control. During these 25-week OPA trials we take measures of male competitive ability of founding individuals and assess allelic frequencies and *Hoxa1* genotypes of offspring born within enclosures for numerical deficiencies or excesses. Additionally, breeding cage measurements of litter size and genotypic frequencies of offspring from heterozygous mates are taken, allowing us to evaluate the role of naturalistic environments in revealing fitness differentials. Such assessments of reciprocal swaps are common in developmental literature (e.g., \[[@pone.0174975.ref013],[@pone.0174975.ref014],[@pone.0174975.ref027]\]), and of particular importance when the severity of the respective knockouts differs, as it does for these paralogs \[[@pone.0174975.ref014]--[@pone.0174975.ref016]\].

Materials and methods {#sec002}
=====================

Animals {#sec003}
-------

Strains of inbred laboratory mice do not possess the natural behaviors required for OPA assessment \[[@pone.0174975.ref028],[@pone.0174975.ref029]\]; therefore, suitable mice with the *Hoxa1*^*B1*^ swap and an appropriate control were bred ([Fig 1](#pone.0174975.g001){ref-type="fig"}). A Hoxa1^B1^ treatment lineage was bred by crossing 16 *Hoxa1*^*B1(g)/B1(g)*^--possessing 129x C57BL/6 hybrids, generated by homologous recombination (see reference \[[@pone.0174975.ref014]\]), with genetically diverse wild-derived mice from the 8^th^ generation of the colony originally described by Meagher et al. \[[@pone.0174975.ref020]\]. The resulting heterozygotes (F~1~) were crossed (n = 58) to establish the F~2~ generation ([Fig 1A](#pone.0174975.g001){ref-type="fig"}). Only confirmed *Hoxa1*^*B1(g)/B1(g)*^ homozygotes, here on referred to as Hoxa1^B1^ founders, were selected for OPA assessment. Likewise, a control lineage of mice was bred by crossing 17 *Hoxa1*^*+(g)/+(g)*^ 129 x C57BL/6 hybrid mice with the same wild-derived stock. The resulting F~1~ *Hoxa1*^*+(g)/+*^ generation (n = 85) were then crossed to produce the F~2~ generation ([Fig 1B](#pone.0174975.g001){ref-type="fig"}). Only confirmed *Hoxa1*^*+(g)/+(g)*^ homozygotes, here on referred to as control founders, were selected as OPA founders. Prior to OPA release, all animals were housed according to standard protocols under a 12:12 h light:dark cycle with food and water available *ad libitum*. All protocols were approved by the animal care guidelines of the IACUC at the University of Utah (Protocol Numbers 02--09017, 05--08012).

![Breeding design of Hoxa1^B1^ and control founders.\
(A) To produce animals with natural behavior bearing *Hoxa1*^*B1*^swaps, *Hoxa1*^*B1(g)/B1(g)*^ 129 x C57BL/6 mice were mated to mice from a wild-derived colony. Heterozygotes were then crossed and confirmed *Hoxa1*^*B1(g)/B1(g)*^ progeny were selected as founders. (B) Control animals were bred by crossing *Hoxa1*^*+(g)/+(g)*^ 129 x C57BL/6 mice with the same wild-derived colony. The *Hoxa1*^*+(g)/+*^ were then crossed to produce the F~2~ generation. Again, genotypes were confirmed and *Hoxb1*^*+(g)/+(g)*^ mice were selected as founders. (C) Cartoons of wild type (*Hoxa1*^*+*^), wild type with the IRES-tauGFP tag (*Hoxa1*^*+(g)*^), and *Hoxa1*^*B1*^ swap with the IRES-tauGFP tag (*Hoxa1*^*B1(g)*^) are provided. Large rectangles represent exons one and two of *Hoxa1* (black) and *Hoxb1* (white). The *Hoxa1* promoter is conserved across all genotypes. Loops separating the tauGFP tag from the second exon depict the internal ribosomal entry site. Primer binding sites are shown by arrows. (D) Photograph of polyacrylamide gel discrimination between *Hoxa1*^*B1(g*)^, and *Hoxa1*^*+*^ (left) and between *Hoxa1*^*+(g)*^ and *Hoxa1*^*+*^(right) alleles.](pone.0174975.g001){#pone.0174975.g001}

Genotyping {#sec004}
----------

*Hoxa1* genotype was determined using a three primer PCR amplification system where a 3\' common primer `(5'- TCA CCA TCA CCA CCA TCA C`) anneals between exons 1 and 2 within the bridging intron and specific 5\' primers, which anneal within exon 1---for Hoxa1^+/+^ (`5'-ACT CCT TAT CCC CTC TCC AC`) and for Hoxa1^B1(g)/B1(g)^ `(5'-CAA GAG AAA CCC ACC TAA GAC`)---yield a 381 bp and 284 bp fragment respectively ([Fig 1C](#pone.0174975.g001){ref-type="fig"}). These amplicons were visualized on 5% polyacrylamide gels ([Fig 1D](#pone.0174975.g001){ref-type="fig"}). Likewise, to distinguish between tauGFP-tagged wild type and true wild type individuals a similar genotyping system was used. A 3\' common primer (`5'-AGA TGG GAC GAG AAA GGA AG`) and a 5\' specific primer for Hoxa1^+(g)/+(g)^ (`5'-ACA ACC ACT ACC TGA GCA A`) located within the tauGFP site and for Hoxa1^+/+^ (`5'- TGG CAG CGA TGA GAA AAC`), located 5\' of where the tauGFP insertion within animals possessing it, yield a 298 bp and 225 bp fragment respectively, which were visualized on 5% polyacrylamide gels ([Fig 1D](#pone.0174975.g001){ref-type="fig"}). This approach was used to acquire genotypes of 95.3% of F~2~ progeny, and 97.4% of F~3~ pups from OPA enclosures.

OPA enclosures {#sec005}
--------------

OPA enclosures are 30 m^2^ and subdivided into six subsections by wire mesh to encourage territorial formation. Subsections contain *ad libitum* food and water dispensers associated with a set of nest boxes in one of the four "optimal" territories (with dark enclosed nest boxes) or two "suboptimal" territories (with nest boxes exposed to the light). Descriptions of enclosure, including photographs and associated methods, have been provided elsewhere in more detail \[[@pone.0174975.ref019],[@pone.0174975.ref023]--[@pone.0174975.ref025]\].

Three independent OPA enclosures were founded by 30 F~2~ individuals, 10 males and 20 females, with equal numbers of Hoxa1^B1^ and control founders within each population. Founders were 38.4 ± 0.9 (mean ± SD) weeks of age for females and 37.8 ± 0.3 weeks for males. Relatedness was avoided within populations and no individuals were related at or above the sibling level. To prevent incidental breeding before the establishment of social dominance networks by males, untreated females from our stock wild-derived colony were initially released with male founders allowing territorial formation prior to release of female founders. At the start of the 25-week OPA trial untreated females were removed and female founders released.

Population-level reproductive success was determined for founders of each treatment by harvesting tissue samples gathered during "pup sweeps", in which pups born during the previous cycle were removed from the population and euthanized. Sweeps occurred every five weeks to prevent offspring born in enclosures from becoming breeders.

Prior to release into enclosures, founders of both sexes were implanted with unique passive integrated transponder tags (TX1400ST, BioMark, Boise ID). Location data are gathered via a set of antennae and readers (FS2001F-ISO, BioMark, Boise ID) placed at each of the feeders and data are recorded with data-logging software (Minimon, Culver City, CA). Dominance was assigned when a male had more than 80% of all male readings at a single feeder over the course of a multi-day reader session. Paired measures of the number of territories controlled by Hoxa1^B1^ and control males were gathered for each population throughout the study.

Statistical methods {#sec006}
-------------------

Deviations from expected genotypic frequencies of F~2~ offspring were assessed in Hoxa1^A1^ treatment and control lineage heterozygote breeding cages. Each homozygote genotype was directly compared to the other and heterozygote counts were compared to the summation of both homozygote counts. A generalized linear mixed model (GLMM) with a Poisson distribution and a logarithmic link was used, in which genotype was modeled as a fixed effect and individual breeding cage was modeled as a random effect. Hoxa1^B1^ treatment lineage models were based on 116 observations from 58 breeding cages, while both models for the control lineage were based on 170 observations from 85 cages. Litter sizes between the lineages were compared with a Mann-Whitney U test.

To examine the counts of the mutant *Hoxa1*^*B1(g)*^ and control *Hoxa1*^*+(g)*^ alleles of offspring born within OPAs a GLMM assuming a Poisson distributions and using a logarithmic link was employed. We predicted population-level allelic counts by modeling the fixed effects of allele, time, and their interaction, while population was modeled as a random effect with a generated random intercept and slope. Allelic counts were measured five times, at five-week intervals, for a total of 30 observations across the three populations and the intercept was set at the grand mean (week 15).

Similar to the analysis of genotypes from breeding cages, offspring counts from OPAs were modeled over time using two GLMMs with Poisson distributions and logarithmic links. In the first model, we predicted population-level fitness by modeling the fixed effects of genotype (*Hoxa1*^*B1(g)/B1(g)*^ *vs*. *Hoxa1*^*+(g)/+(g)*^), time, and their interaction, while population was modeled as a random effect with a generated random intercept. Offspring genotypes were measured five times, at five-week intervals, for a total of 30 observations across the three populations and the intercept was set at the grand mean (week 15). In the second model, four genotype groups (observed heterozygotes, summed homozygotes, and the expected (2X) count of heterozygotes based upon each of the homozygote counts) were assessed with 15 observations available for each. Time, genotype, and their interaction were modeled as fixed effects and population was modeled as a random effect with a random intercept and slope.

As the six territories per population can only be occupied or not, we used a GLMM with a binomial distribution and a logit link to model the fixed effects of genotype, time, and a time by genotype interaction on territorial control (occupied territories versus unoccupied), with population modeled as a random effect. Territorial occupation was assessed across the study for a total of 70 observations. The intercept of the model was set at the grand mean (week 12.8).

All GLMMs were fit in R using the *glmer* function of the 'lme4' library \[[@pone.0174975.ref030],[@pone.0174975.ref031]\]. For each GLMM, multiple candidates for the random effects terms were generated, including models estimating both intercept and/or slope for random effects---in all cases the model that had the lowest Akaike information criterion (AIC) score was selected.

Results {#sec007}
=======

Genotypic frequencies of F~2~ offspring produced within both Hoxa1^B1^ and control lineage heterozygous breeding cages conformed to Mendelian expectations and litters from both lineages were of similar size ([Table 1](#pone.0174975.t001){ref-type="table"}). In Hoxa1^B1^ lineage heterozygous breeding cages (n = 58), no difference was observed in the count of homozygous offspring possessing the two genotypes (GLMM; Z = 1.54, *p* = 0.123; [S1 Table](#pone.0174975.s001){ref-type="supplementary-material"}); likewise, neither a deficiency nor excess, of heterozygotes was observed (GLMM, Z = -0.43, *p* = 0.665). Similarly, in control lineage heterozygous breeding cages (n = 85) no differences were observed between the two homozygote counts (GLMM, Z = -0.386, *p* = 0.700), nor did the count of heterozygotes differ from that of summed homozygotes (GLMM, Z = 1.08, *p* = 0.283). Finally, F~2~ litters did not differ in size between Hoxa1^B1^ and control lineages (Mann-Whitney, U = 2452, *p* = 0.958).

10.1371/journal.pone.0174975.t001

###### Summary of genotypic counts and litter sizes of Hoxa1^B1^ treatment and control lineage breeding cages.

![](pone.0174975.t001){#pone.0174975.t001g}

  Lineage (N)      Mutant Homozygotes                                  Wild type Homozygotes   Heterozygotes   TOTAL
  ---------------- --------------------------------------------------- ----------------------- --------------- ---------------
  Hoxa1^B1^ (58)   1.7 ± 0.2[^*a*^](#t001fn001){ref-type="table-fn"}   2.1 ± 0.2               3.7 ± 0.2       **7.5 ± 0.2**
  Control (85)     2.0 ± 0.1                                           1.9 ± 0.1               3.6 ± 0.2       **7.4 ± 0.2**

^*a*^ Values are means ± SEs.

Within offspring born in OPA enclosures the mutant *Hoxa1*^*B1(g*)^ allele was only 87.5% as common as the control allele ([Fig 2A](#pone.0174975.g002){ref-type="fig"}). Specifically, there were 48.7 (+5.3, -4.8; mean ± SE) mutant *Hoxa1*^*B1(g*)^ alleles per population per sampling, while for the control *Hoxa1*^*+(g)*^ allele there were 56.3 (+2.9, -2.7); this difference was statistically significant (GLMM; Z = 2.89, *p* = 0.004; [S2 Table](#pone.0174975.s002){ref-type="supplementary-material"}). Additionally, there was a significant increase in allelic counts over the course of the study (GLMM; Z = 1.99, *p* = 0.046), but this increase did not differ between the two alleles (GLMM; Z = -1.38, *p* = 0.168). SEs are asymmetrical, as they are back transformed from logarithmic data.

![**Cumulative allelic (A) homozygote (B) and heterozygote (C) counts of offspring born in OPAs. (A)** The mutant *Hoxa1*^*B1(g*)^ allele was only 87.5% as frequent as the control allele within offspring (GLMM; Z = 2.89, *p* = 0.004. (B) Hoxa1^B1^ founders produced only 77.9% as many offspring relative to controls as measured by homozygous pups (GLMM; Z = 2.75, *p* = 0.006). (C) Similarly, a 22.1% deficiency of heterozygous offspring was detected relative to summed homozygotes (GLMM; Z = 2.24, *p* = 0.025). Heterozygote levels were below those predicted based on the count of *Hoxa1*^*+(g)/+(g)*^ pups (GLMM; Z = 4.09, *p* \< 0.001; Gray line with filled circles), but did not differ from predictions based on *Hoxa1*^*B1(g)/B1(g)*^ offspring (Gray line with open circles). All genotypes were assessed at multiple time points across populations (*n* = 3) for a total of 15 observations. Black lines connect population means and error bars represent standard error.](pone.0174975.g002){#pone.0174975.g002}

As measured by homozygous offspring, Hoxa1^B1^ founders produced only 77.9% as many pups as controls over the course of the study within OPAs ([Fig 2B](#pone.0174975.g002){ref-type="fig"}). Specifically, there were 12.2 (+1.0, -0.9) *Hoxa1*^*B1(g)/B1(g)*^ offspring per sampling per population, while there were 16.0 (+ 1.6, -1.5) *Hoxa1*^*+(g)/+(g)*^ offspring; this difference was statistically significant (GLMM; Z = 2.75, *p* = 0.006; [S2 Table](#pone.0174975.s002){ref-type="supplementary-material"}). Neither an effect of time (GLMM; Z = 1.18, *p* = 0.238) nor a time-by-genotype interaction (GLMM; Z = -1.26, *p* = 0.207) influenced offspring counts, suggesting a consistent rate of reproduction across the study.

Relative to summed counts of homozygotes, a 22.1% deficiency of heterozygous offspring was detected over the course of the study within OPAs ([Fig 2C](#pone.0174975.g002){ref-type="fig"}). Specifically, there were 24.1 (+2.7, -2.1) *Hoxa1*^*B1(g)/+(g)*^ heterozygotes per sampling per population, while there were 28.3 (+2.1, -2.0) homozygotes; this difference was statistically significant (GLMM; Z = 2.24, *p* = 0.025; [S2 Table](#pone.0174975.s002){ref-type="supplementary-material"}). Consistent with the homozygous comparison, no effect of time (GLMM; Z = 1.43, *p* = 0.152) nor time-by-genotype (GLMM; Z = -0.71, *p* = 0.475) were detected on genotypic counts. Heterozygote levels were below those predicted based on the count of *Hoxa1*^*+(g)/+(g)*^ pups (GLMM; Z = 4.09, *p* \< 0.001), but did not differ from predictions based on *Hoxa1*^*B1(g)/B1(g)*^ offspring (GLMM; Z = 0.20, *p* = 0.843).

Within OPAs, no uniform difference in territorial ownership across the study was observed between male Hoxa1^B1^ and control founders ([Fig 3](#pone.0174975.g003){ref-type="fig"}). Initially, Hoxa1^B1^ founders obtained fewer territories than controls leading to a marginally significant difference at the model intercept (GLMM; Z = 1.96, *p* = 0.050; [S3 Table](#pone.0174975.s003){ref-type="supplementary-material"}). Specifically, at week 12.8 the probability that one of the six territories per population was controlled by a male Hoxa1^B1^ founder was 0.30, while for control founders the probability was 0.40 (leaving a 0.3 probability that a territory was unoccupied); however, the probability that a Hoxa1^B1^ male controlled a territory increased over time relative to controls (GLMM; Z = -3.12, *p* = 0.002) leading to a situation in which the pattern observed initially was reversed by the study's conclusion. Finally, there was no differential longevity between Hoxa1^B1^ and control founders, as all founders (n = 90) survived until the end of the 25-week study.

![Competitive ability of Hoxa1^B1^ and control founders in OPAs.\
No consistent relationship between genotype and competitive ability was observed. Initially, fewer territories were occupied by Hoxa1^B1^ founders than controls leading to a marginally significant difference at the grand mean (GLMM; Z = 1.96, *p* = 0.050); however, this pattern degraded over time (GLMM; Z = -3.12, *p* \< 0.002) and reversed by the end of the study. Territorial occupation of both groups was assessed at multiple time points across populations (*n* = 3) for a total of 70 observations. Provided lines are simple linear regressions based upon raw data to help illustrate overall significantly differing slopes over time between treatments. Populations are identified by shape and paired at each timepoint (black outline for control and gray outline for Hoxa1^B1^ founders) and cannot sum to more than six (dashed horizontal line) as this is the maximum number of territories per population.](pone.0174975.g003){#pone.0174975.g003}

Discussion {#sec008}
==========

Hoxa1^B1^ founders were outcompeted by controls within OPA enclosures as they produced only 77.9% as many offspring relative to controls as measured by homozygous pups; furthermore, a 22.1% deficiency of heterozygous offspring was observed in enclosures. Combined, the homozygote and heterozygote deficiencies resulted in the mutant *Hoxa1*^*B1(g*)^ being only 87.5% as frequent as the control allele in offspring born within OPAs. These OPA observations are in contrast to measures in standard laboratory breeding cages where neither a difference in litter size nor genotypic frequencies were observed between heterozygous pairs in the Hoxa1^B1^ and control lineage. Typically within OPAs differential reproductive output between experimental groups is driven by either differential longevity or male competitive ability; however, neither of these fitness components differed between Hoxa1^B1^ and control founders. Though an overall trend emerged that male control mice were more likely to dominate a territory than Hoxa1^B1^ males, the instability of the pattern over time makes it difficult to link competitive ability to the observed reproductive deficiency. Furthermore, as all founders survived until the termination of the study, differential reproduction cannot be explained by mortality.

The reproductive differential between Hoxa1^B1^ and control founders, in the broadest sense, could be due to either litters containing fewer pups or decreased frequency of litter production. As Hox genes have key roles in development it is possible that embryonic lethality could be reducing the size of litters born to Hoxa1^B1^ founders, though this is not supported by cage measures of genotypic frequency. Hoxa1B1 founders could be having fewer litters throughout the study due to a variety of factors such as decreased resource acquisition, or discrimination during mate choice; however, no evidence is available to specifically support that there are fewer litters produced. Thus, the proximate underpinnings of the fitness differential identified here require further investigation.

The results of this study are consistent with our previous investigation using OPAs to assess the fitness consequences of the reciprocal *Hoxb1*^*A1*^ swap \[[@pone.0174975.ref019]\]. In that study we illustrated that mice homozygous for the swap had only 64.4% as many offspring as controls, and likewise detected a 16.2% deficiency in heterozygous offspring born within enclosures; the direction and magnitude of these reproductive deficiencies is similar to that observed in this report. Conversely, the previous investigation also detected that males homozygous for the swap acquired and held territories at a lower rate than did controls, a finding not corroborated in this investigation; this is possibly due to differential effects of the respective reciprocal swaps. Collectively, both OPA studies support incomplete redundancy for HoxA1 and HoxB1 proteins with OPA fitness measures. In both studies, distorted gene segregations in OPAs were determined after normal frequencies of gene swap alleles were seen in the offspring from outbred heterozygous breeders maintained in standard laboratory cages. Thus, a naturalistic competitive environment reveals incomplete redundancy even in the robust wild type genetic background, which masks reproductive deficits in the laboratory breeding conditions.

In regards to genotypic frequencies observed in heterozygous breeding cages, neither study found deviations from Mendelian expectations for either the experimental or control lineages generated in this research. In the original report, Tvrdik and Capecchi \[[@pone.0174975.ref014]\] observed a decreased segregation of the *Hoxa1*^B1(g)/B1(g)^ genotype in the mixed inbred C57BL/6 x 129 background kept in laboratory conditions. The distortion of *Hoxa1*^B1(g)/B1(g)^ segregation was noticeable, although it did not reach statistical significance. We argue that this discrepancy is due to the pivotal role of *Hoxa1* in the hindbrain development, being positioned in the center of a complex regulatory network of upstream and downstream factors that can modify the severity of the mutant or hypomorphic phenotype \[[@pone.0174975.ref032]--[@pone.0174975.ref035]\].

The strong influence of genetic background on *Hoxa1* function is corroborated by the heterogeneity of human syndromes involving *HOXA1* mutations. Homozygous *HOXA1* loss of function was found in consanguineous families from three ethnically unrelated populations of Saudi Arabian, Turkish, and Native American descent. These *HOXA1* mutations result in two overlapping, but distinct syndromes which have been described as the Bosley-Salih-Alorainy syndrome and the Athabaskan brainstem dysgenesis syndrome. The differences in manifestation of the two syndromes are most likely attributable to ethnic-specific genetic modifiers present in these human populations \[[@pone.0174975.ref036]--[@pone.0174975.ref039]\].

Two previous studies supporting functional redundancy of Hox paralogous group 1 proteins have been conducted which carefully assessed multiple proximate endpoints including expression levels and histological confirmation of normal tissue throughout development \[[@pone.0174975.ref014],[@pone.0174975.ref018]\]. The degree to which Hox1 paralogs are able to compensate for the under-expression, or complete removal, of a paralog is astounding; however, complete functional redundancy can only be assessed at the ultimate (fitness) level. Therefore, our experiments should not be seen as antagonistic to these previous studies, but as an evolutionarily compliment capable of revealing the cryptic phenotypes associated with these, or other manipulations.

*Hox* genes have been studied intensely to further our understanding of how duplicated genes are maintained across evolutionary time, with the leading explanation for the case of [*Hox*]{.ul} paralogs being through the process of sub-functionalization \[[@pone.0174975.ref005]\]. Importantly, previous reports of functional redundancy between paralogous genes have been cited as evidence for this model, though we argue that if sub-functionalization has occurred, then incomplete redundancy (as opposed to complete) should be observed, indicating that partitioning, and possible expansion, of ancestral gene function has occurred to some degree. As the degree of partitioning increases over evolutionary time, the level of redundancy should proportionally decrease. What is needed to assess the degree to which gene function has changed between paralogs are assessments at both proximate and ultimate levels to better quantify the degree to which paralogs are functionally redundant.

Beyond inquiries concerning the maintenance of duplicated genes, many questions in both genetics and evolutionary biology require experimentally derived fitness measures. Specifically, within areas of research including facultative sex ratio biasing, Hamilton-Zuk sexual selection, and the benefits of genome-wide heterozygosity, the need for experimentally derived fitness measures has already been acknowledged \[[@pone.0174975.ref040]--[@pone.0174975.ref042]\]. Though such systems have not been readily adopted by those working with vertebrates, fitness assays using yeast and invertebrates have proven invaluable in unraveling other great evolutionary puzzles including quantifying the costs of mutation accumulation, the benefits of sexual reproduction, and the function of 'nonessential' genes \[[@pone.0174975.ref043]--[@pone.0174975.ref045]\].

Conclusion {#sec009}
==========

Using the OPA model system we are able to quantify negative fitness consequences in mice homozygous for a *Hoxa1*^*B1*^ swap relative to controls, adversity that was not observed previously by studies focusing solely on proximate endpoints. With OPAs, we and others have been able to detect adversity to numerous exposures (e.g., added sugar diets and pharmaceuticals) and genetic manipulations (e.g., cousin- and sibling-level inbreeding, and harboring the *t*-Complex) that were missed by other, often molecular, assays \[[@pone.0174975.ref020]--[@pone.0174975.ref026]\]. Successful examples of fitness assays, such as OPAs, illustrating cryptic phenotypes from genetic manipulations support their use in functional genomics, especially when confronted with disruptions that lead to "no-phenotype" relative to controls \[[@pone.0174975.ref046]\]. The illustration that HoxA1 and HoxB1 protein do not fully recapitulate each other's phenotypes, suggests that these paralogs have diverged in gene function over time, likely through sub-functionalization.
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